Introduction to coronaviruses {#Sec1}
=============================

Coronaviruses (CoVs) were originally found in chickens, after which they were visualized microscopically for the first time by scientists in the twentieth century \[[@CR1]\]. They are round, enveloped RNA viruses with spiked projections on their surface, which gives them the appearance of a crown, hence the name \[[@CR2]\]. Usually, these viruses have a zoonotic origin and can cause potentially lethal disease in humans. Bats are the natural reservoir for a wide variety of viruses, with numerous species of bats being hosts to approximately four thousand viruses, including CoVs and deadlier viruses such as Ebola virus \[[@CR3]\]. The CoVs transmitted by bats are genetically related to other CoVs such as those causing severe acute respiratory syndrome (SARS) and Middle East respiratory syndrome (MERS), which cause pneumonia and related diseases in humans \[[@CR4]\]. The novel CoV, officially termed SARS-CoV-2, and other betacoronaviruses (β-CoVs) have been were found to be closely related (more than 90% sequence identity) to a CoV strain found in bats \[[@CR5]\]. It has therefore been suggested that bats were the original reservoir of SARS-CoV-2 and that the virus was transmitted to humans through an intermediate host after accumulating a number of mutations.

CoVs belong to a large family of viruses that are responsible for causing mild to severe respiratory diseases in humans \[[@CR6]\]. They contain external spike proteins in their envelope (Fig. [1](#Fig1){ref-type="fig"}), which give them a distinguishable appearance and are the source of their name \[[@CR2]\]. They are spherical and can vary in diameter from about fifty to two hundred nanometres \[[@CR3]\]. The spike glycoprotein (protein S) is the primary antigenic component of the virus particle. Protein N is the nucleocapsid protein, which associates with the genomic RNA, and this protein can also be employed as a marker in assays detecting viral antigens.Fig. 1Schematic drawing of a coronavirus \[[@CR7]\]

CoVs are enveloped positive-sense RNA viruses that belonging to the family *Coronaviridae* \[[@CR4]\], which is divided into four genera of viruses depending upon their genomic structure: *Alphacoronavirus*, *Betacoronavirus*, *Gammacoronavirus*, and *Deltacoronavirus*. Members of the first two of these genera are responsible for disease in humans as well as other animals \[[@CR2]\]. Before the advent of SARS-CoV-2, there were six CoVs known to cause infections in humans \[[@CR1]\]. β-CoVs that cause mild to severe respiratory diseases in humans include the novel SARS-CoV-2, which is closely related to to SARS-CoV.

When the world was first being familiarized with SARS-CoV-2, almost all of the available knowledge and data about its structure and genotypic and phenotypic characteristics originated from the fervent and extensive research that had been carried out earlier on SARS-CoV and MERS-CoV \[[@CR3]\]. "CoV virions are stable" around pH 7. UV light is known to be effective against CoVs, as are organic solvents such as ether, alcohol (60--95%), chloroform, and disinfectants with a high concentration of chlorine \[[@CR8]\]. Under favorable conditions, infectious virions are capable of persisting on surfaces for periods up to several days.

Diseases caused by coronaviruses in humans {#Sec2}
==========================================

CoVs are known to cause disease in humans but can be associated with disease in animals as well \[[@CR8]\]. New human CoVs arise through zoonosis, with the virus first being transmitted from animals to humans, who infect other humans via close contact. This phenomenon is generally rare, but it is becoming increasingly frequent \[[@CR2]\]. For this reason, some CoVs that are known to infect mammals such as bats can also cause infection in humans, causing mild to severe respiratory ailments. The epidemics of SARS-CoV and MERS-CoV in 2002--2003 and 2012, respectively, were caused by CoVs that caused severe respiratory diseases in humans \[[@CR3]\]. SARS-CoV-2, which is the seventh human CoV discovered to date, originated in the city of Wuhan, China. Diseases in humans that are caused by CoVs are described in detail below:

Benign CoVs are the second most frequent causative agents of seasonal common colds in humans, the first being rhinoviruses. The frequency of infection tends to increase in the **"**autumn**"** and winter, usually causing mild respiratory illness. Typical symptoms of the common cold include sore throat, headache, and cough (wet or dry) among many others, which can be accompanied by fever \[[@CR2]\]. Some infections may escalate to serious diseases such as pneumonia, especially in the elderly, in immunocompromised patients, in children, and in those with pre-existing medical conditions.

The SARS and MERS outbreaks, caused by SARS-CoV and MERS-CoV, respectively, caused diseases with similar symptoms \[[@CR8]\]. These viruses caused acute respiratory infections with the sudden emergence of flu-like symptoms and the aggravation of pre-existing medical conditions \[[@CR1]\]. The SARS outbreak severely affected China and neighboring countries, with a fatality rate of about 9%, while the MERS outbreak affected Asia with symptoms similar to those of SARS. However, the fatality rate was far higher for MERS (about 30%) than SARS.

The coronavirus disease that first occurred in 2019 has been named COVID-19 \[[@CR9]\]. The causative agent of this infection is the novel SARS-CoV-2, which tends to replicate in the upper region of the human respiratory system. However, the virus can also enter the lower respiratory tract and can cause lesions despite the patient remaining asymptomatic \[[@CR5]\]. The virus has an incubation period of 1--14 in humans, depending on the conditions and the individual.

COVID-19 and its epidemiology {#Sec3}
=============================

SARS-CoV-2 is a highly infectious and rapidly spreading CoV that originated in December 2019 in the city of Wuhan \[[@CR9]\]. Soon, epidemic-like conditions were reported in China, where mass gatherings of Chinese people during the Chinese New Year aggravated the situation \[[@CR3]\]. Other neighboring countries soon started to report cases, and transmission grew rapidly around the world, eventually affecting countries on all continents except "Antarctica". The characteristics of the infection and transmission are given below:

In the early days of the outbreak, when cases were restricted only to China, the mean incubation period of SARS-CoV-2 was reported to be about 5 days \[[@CR2]\]. The time on average for its exponential growth (and infection of other individuals) was observed to be about 7 days, while the mean interval for transmission from person to person was also about 7 days. The R~0~ value was found to be between 2 and 8.

The incubation period varied according to the severity of symptoms. Patients with mild symptoms reported the mean interval to be approximately 5 and 12 days from the beginning of infection to their first treatment and hospital care, respectively, and in patients with severe symptoms, the interval was 7 and 8 days, respectively \[[@CR1]\]. The time from the manifestation of the disease to its diagnosis in critically ill patients who eventually died was observed to be considerably longer, with an average of nine days.

The contagion of COVID-19 can be divided into three stages based on current findings and data. This is related to the spread of the virus at a local level, from the food market to humans coming into close contact with the virus. The second stage comprises the communal dissemination of the virus, restricted mainly to dense neighborhoods and families. The third and final stage comprises its worldwide spread, due to mass movements of infected people \[[@CR6]\].

Channels of COVID-19 spread {#Sec4}
===========================

SARS-CoV-2 infection occurs through the mucosal membrane of the upper respiratory tract \[[@CR9]\]. Recent research has suggested two possible modes of transmission. The virus can spread by through direct transmission via respiratory droplets or by indirect transmission via surfaces and materials contaminated with the virus \[[@CR8]\]. SARS-CoV-2 has been detected in fecal samples from infected patients, suggesting that it can spread via the fecal-nasal route \[[@CR3]\]. The transmission of the virus also occurs in the form of aerosol through the air. However, this mode of transmission only occurs under certain conditions where there is a risk of contamination through samples from infected patients in small and compact spaces.

Demographic features of COVID-19 patients {#Sec5}
=========================================

The majority of the patients infected with SARS-CoV-2 had either reported a traveling history from the area of origin or inhabited the outbreak area for at least a fortnight before the development of initial symptoms \[[@CR10]\]. Patients 60 years of age or more were observed to be critically affected by the disease (30--40%), with elevated fatality rates (approximately 5--10%) for patients who had pre-existing medical conditions \[[@CR5]\]. Males were found to be infected more frequently (more than 50%) than the females, with the majority of the infected patients exhibiting benign or conventional symptoms (approximately 80%).

Features of COVID-19 {#Sec6}
====================

The progression of COVID-19 has been characterized by the typical developmental stages of the disease \[[@CR10]\]. The initial stage of infection is usually characterized by fever, although many patients exhibit chills, dry cough, and general fatigue. These symptoms can then advance to labored breathing, with the condition of the patient rapidly deteriorating to respiratory failure in some critical cases \[[@CR1]\]. However, in the majority of the cases, the prognosis is good, leading to a complete recovery in patients with milder illness.

Initial screening of the lungs of infected patients tends to reveal pulmonary development and change in the interstices, along with various minute patches \[[@CR10]\]. A characteristic feature of respiratory failure known as "white lung" is evident in the most critical cases \[[@CR6]\].

A moderate-to-low count of white blood cells is characteristic of the initial stage of the infection \[[@CR10]\]. In some studies, an elevation in the levels of hepatic and muscle enzymes and myoglobin has been reported, whereas in other studies, high levels of C-reactive proteins (CRP) and erythrocyte sedimentation rate (ESR) have been observed \[[@CR6]\]. The amount of D-dimer has been found to be elevated in patients exhibiting severe symptoms \[[@CR5]\]. The detection of SARS-CoV-2 can be achieved by rRT-PCR. Furthermore, screening of antibodies in infected individuals at the onset of disease and again after fourteen days can be helpful in ascertaining the pathogenesis of the virus.

Treatment options for COVID-19 {#Sec7}
==============================

The treatment of mildly infected patients mainly depends upon self-care, and recuperation can occur with routinely used antiviral medicines without any advanced treatment. However, in critically ill patients, the virus wreaks havoc on the immune system of the patients, which demands effective intensive care and a thorough treatment plan \[[@CR5]\]. The patients are put under intensive care, and the treatment plan entails electrolyte balancing, administration of water for hydration, and stabilization of the functioning internal systems. All clinical parameters and vital signs should be closely monitored \[[@CR6]\]. Routine blood and biochemical parameters should be examined regularly, along with the chest imaging and determination of blood oxygen levels \[[@CR3]\]. If oxygen levels are observed to fluctuate, the patient may be given external oxygen. Gas ventilators and nasal oxygen may be helpful for patients suffering from severe respiratory distress. To date, no approved antiviral medicine has been reported. Antibiotics are not generally used for the treatment of the disease. However, patients should be examined for bacterial infections and given antibacterial drugs in cases where there is a risk of bacterial infection \[[@CR10]\]. Traditional Chinese medicine (TCM) should be used in combination with conventional medicines after determining the infection symptoms through the conventional method of diagnosis. XueBiJing, Huo Xiang Zheng Qi Shui, Lian Hua Qing Wen Capsule, Shu Feng Jie Du Capsule and Jin Hua Qing Gan Granule have been tested for COVID-19 treatment \[Song et al., 2019; Yang et al., 2020\], and these herbal remedies considerably relieved main symptoms, including cough and fever, and were beneficial for the recovery of the patient.

Drug development against COVID-19 {#Sec8}
=================================

The severity of COVID-19 led to its development of drugs or vaccines \[[@CR11]\]. Although the WHO, FDA, and EMA were part of this community, the Chinese took the lead in developing academia-industry partnerships for the development of therapeutics such as monoclonal antibodies, vaccines, and drugs \[[@CR11]\]. Such an initiative for vaccine development was recently undertaken by the Coalition for Epidemic Preparedness Innovations (CEPI), involving several countries \[[@CR12]\]. In this context, the establishment of a "vaccine bank" by the Canadian Government is commendable \[[@CR13]\]. Scientists are also considering a drug formulation against post-infection complications \[[@CR14]\]. Scientists have also taken into consideration previously known antiviral drugs for the treatment of post-infection complications \[[@CR11]\]. The International Clinical Trials Registry Platform of WHO is dealing with this issue \[[@CR14]\]. In a WHO project named "Solidarity Trial", the four most potent existing antiviral drugs were tested against COVID-19 in ten different countries, and the results were reported \[[@CR14]\]. The formulation of drugs and vaccines requires time, and regulatory agencies such as the FDA and EMA have to ensure their safety throughout the drug development cycle (Fig. [2](#Fig2){ref-type="fig"}) before approval \[[@CR13]\]. This process typically requires almost half a decade \[[@CR15]\]. The shortest time frame for developing therapeutics is one and a half years, and that for checking their effectiveness is twelve months \[[@CR15], [@CR16]\]. Currently, many new anti-COVID-19 drugs are in phase I of testing \[[@CR11]\]. Four antiviral drugs, including hydroxychloroquine (or chloroquine), favipiravir, lopinavir, and remdesivir, have entered phase III or IV. Currently, the CDC is recommending remdesivir as an anti-COVID-19 treatment for COVID-19 patients suffering from pneumonia \[[@CR11]\].Fig. 2Drug discovery cycle \[[@CR15]\]

Rationalization of drug development against COVID-19 {#Sec9}
====================================================

Novel efforts have been made from 2018 to 2020 to intensify the development of antiviral medications and vaccines. These have included collaborations between constitutional/legislative bodies and industries such as the European Innovative Medicines Project \[[@CR17]\], the US Critical Path Program to upgrade advancement of drug development \[[@CR18]\], and the Breakthrough Therapy consignment to facilitate the development and regulatory analysis of promising candidate drugs \[[@CR19]\]. An international diagnostic pipeline tracker has been designed to facilitate the development of sophisticated diagnostic tools for COVID-19 \[[@CR20]\]. A program of augmented therapeutics for COVID-19 management was initiated in March, encouraging researchers and health care professionals to recognize, evaluate, and scale-up potential medications or regimens quickly. In March 2020, CEPI invested US \$100 million to finance different research projects in various countries and also invested US \$2 billion to quickly develop a vaccine. The COVID-19 Clinical Research Coalition (CRC) was designed to organize, explore, and compile results from globally operated clinical trials investigating the most efficacious post-infection treatment regimen \[[@CR21]\]. Various antiviral medications that either are already available on the medicinal market for the management of other infections or have been formulated for recent clinical trials were investigated in early 2020 for their potential use against COVID-19 \[[@CR11], [@CR14], [@CR22]--[@CR24]\].

Efforts toward development of a coronavirus vaccine {#Sec10}
===================================================

Vaccines against numerous CoV-associated diseases have already been developed for use in animals, including those caused by canine coronavirus, feline coronavirus, and contagious bronchitis virus in birds \[[@CR11]\]. Previously, attempts were made to develop a vaccine for the management of MERS and SARS caused by viruses of the family *Coronaviridae* that infect humans \[[@CR25]--[@CR27]\]. The vaccines mentioned above have been tested clinically on research-centered or laboratory-use animal models, and as of 2020, no vaccine or remedy has been demonstrated to be completely safe and efficacious in humans \[[@CR28], [@CR29]\]. Globally, the management of SARS using novel therapeutic medications or vaccines is a goal of governmental and public health sector organizations \[[@CR12]\]. No approved vaccine against MERS is available \[[@CR26], [@CR27]\], and the current SARS research was considered a suitable template for the development of medications or vaccines against MERS-CoV illness during the time that it was prevalent \[[@CR30], [@CR31]\]. By March 2020, one DNA-based MERS vaccine has been tested in human-based clinical trials (phase I), and three other vaccines were in the development stage. All of these vaccines were viral-vectored, including one MVA-vectored (MVA-MERS-S) vaccine and two adenoviral-vectored vaccines (ChAdOx1-MERS and BVRS-GamVac) \[[@CR32]\].

COVID-19 emerged in late 2019 and was soon found to be caused by SARS-CoV-2 \[[@CR11], [@CR23], [@CR33]\]. In early 2020, COVID-19 illness became a pandemic, prompting intensive research efforts toward developing vaccines \[[@CR33], [@CR34]\]. Several organizations published viral genome sequences to promote the development of safe and efficacious vaccines against SARS-CoV-2 \[[@CR33]--[@CR37]\]. According to the WHO International Clinical Trials Registry Platform, by March 2020, about 100 academic institutions and organizations were actively working worldwide, with 536 clinical trials being conducted \[[@CR22], [@CR38], [@CR39]\]. By March 2020, many clinical investigations involving co-administration of multiple antiviral drugs already registered for use against other diseases had been initiated \[[@CR22], [@CR23]\].

In March 2020, two phase I clinical studies for analysis of safety profiles of vaccines in humans were initiated \[[@CR35]\].

A candidate vaccine from Moderna named mRNA-1273 was registered by the National Institute of Allergy and Infectious Diseases (NIAID) in February 2020 to be tested in Seattle, Washington, with studies on human candidates being conducted beginning in March 2020 \[[@CR40]\].

A candidate adenovirus vaccine named Ad5-nCoV, synthesized by CanSino Biologics Inc. (Tianjin, China) via recombinant technology, was subjected in March 2020 to a phase I safety clinical investigation involving 108 healthy individuals from Wuhan, China, with the study plan running to the end of 2020 \[[@CR41]\]. By March 2020, several other candidate vaccines were being quickly optimized and prepared for initial testing in human subjects \[[@CR11], [@CR22], [@CR38], [@CR39], [@CR42], [@CR43]\]. Several companies, educational research groups, and global alliances were involved in the initial levels of vaccine preparation, investigations at the laboratory level, or organizing phase I safety clinical trials to further improve candidate vaccines \[[@CR11], [@CR22], [@CR38], [@CR39]\]. The government of Canada is contributing a grant of CA \$192 million for vaccine production and related research studies \[[@CR44]\].

Pharmacological agents with prospective clinical advantages {#Sec11}
===========================================================

Several pharmacological agents are being tested against COVID-19 \[[@CR45]--[@CR77]\] and are briefly described below.

Remdesivir {#Sec12}
----------

Remdesivir (GS-5734) is an adenosine analog drug that was produced for the treatment of the Ebola virus in Africa by Gilead Science and is currently under study. Its mode of action is to bind to the viral RNA polymerase in its active state, where its primary effect is to cause RNA chain termination. It is also reported to exhibit potent antiviral activity against several CoVs, including SARS-CoV-2, with suitable EC~50~ values. Because it is specific for viral enzymes, it is less likely than some other drugs to be toxic to humans \[[@CR78]--[@CR81]\]. A wide variety of therapeutic index values were obtained for this drug in a human respiratory cell model, according to Sheahan et al. \[[@CR81]\]. It is effective against CoVs despite the potential for genetic resistance, and it has a long half-life \[[@CR82], [@CR83]\]. For its use against SARS-CoV-2, the tested dosage for treatment was more than 150 mg, with intravenous administration on the first day, followed by reduction of the dosage by half for ten days. The antiviral potential of remdesivir was first demonstrated against Ebola virus in monkeys, in which it successfully inhibited the replication of the virus \[[@CR84]\]. The antiviral effect of remdesivir has also been investigated in mice, which demonstrated a decrease in the viral load in the lungs, in body weight loss, and in overall lung destruction, which suggested that the drug can inhibit viral replication in the initial stages of infection. However, it was not effective when the viral load was high \[[@CR80]\]. The results of that study agreed with those of another study showing the drug to be effective in reducing virus replication and the eventual onset of disease caused by SARS-CoV-1 \[[@CR80], [@CR81]\]. It is important to note that while the results of the studies conducted on animal models were encouraging, human clinical trials cast a disappointing shadow on the drug. A human clinical trial demonstrated the fatality rate of patients infected with Ebola virus to be more than 50% in patients treated with remdesivir and three additional therapies during the Ebola outbreak in 2018, which led to the discontinuation of the drug for the treatment of this disease \[[@CR85]\]. The first case of treatment of a patient infected with SARS-CoV-2 with remdesivir was reported in the US, where the drug was administered to the patient a week after typical symptoms of COVID-19 were observed \[[@CR86]\]. The drug appeared to ameliorate the patient's condition, although nasopharyngeal swabs continued to be positive for the virus. On the upside, no side effects of the drug were observed in this patient, which corroborated the safety data from cases of treatment of other viral infections with this drug \[[@CR87], [@CR88]\]. Nonetheless, it is important to note that the treatment of three out of twelve COVID-19 patients with remdesivir in the US was carried out under the protocol for compassionate use \[[@CR89]\] due to the lack of sufficient data to evaluate its safety or efficacy. At present, there are four ongoing clinical trials in the US that are enlisting patients for potential treatments. Two clinical trials have been commenced in China for the evaluation of remdesivir against COVID-19. The criteria for compassionate use of the drug allow patients in intensive care requiring ventilation support who are too ill to be included in a clinical trial to receive the drug. If they fail to meet these criteria, suffer from organ failure, have renal and hepatic disease, or receive dialysis, they are exempted from compassionate use. These criteria are subject to change, so patients are asked to review the most recent guidelines prior to being enrolled in a clinical trial program. In addition to the time required for approval from the responsible authorities, clinicians also need to be prepared to issue appropriate prescriptions for administering the drug to patients once it is approved. Critically ill patients can be given other antiviral therapies during the waiting time, but these must be suspended immediately once they begin receiving remdesivir. It has been suggested that remdesivir attains its active state by acting as a substrate for CYP-3A4, indicating a possible interaction with related inhibitors such as ritonavir and voriconazole. It has also been suggested that the activity of remdesivir might be enhanced by hydrolase activity, which is also consistent with the chemical structure of the drug. The NIAID was quick to state that it is unlikely that remdesivir would interact with other CYP-3A4 inhibitors \[[@CR83]\]. Clinical data have now established remdesivir to be a promising drug for the treatment of patients infected with SARS-CoV-2, and this can be tested further in extensive clinical trials as well as the practical application of the drug in compassionate use, which can provide information about its probable efficacy on a wide scale in the fight against COVID-19.

Chloroquine and hydroxychloroquine {#Sec13}
----------------------------------

Chloroquine is an anti-parasitic drug that is used against malaria due to its inflammation-reducing properties and its ability to modulate the immune system. Currently, it has garnered attention because of its potential use in treating COVID-19. The potential antiviral activity of chloroquine against COVID-19 was first reported by Wang et al. \[[@CR78]\] during the early outbreak of the novel CoV. The results obtained corroborated previously published results showing antiviral activity of the drug against similar coronaviruses that caused SARS and MERS \[[@CR90]\]. The findings of Chinese clinical trials have supported the oral use of the drug at a moderate dosage twice every day, although the rationale for using this dosage remains vague. The use of chloroquine has been associated with stability in patients, with better lung functioning found in scans, leading to a better prognosis and shortened duration of infection, with little or no adverse reactions to the drug, as reported by Gao et al. \[[@CR61]\]. The promising results, however, are not sufficient for its widespread use, as supply-related problems and cardiovascular toxicity have restricted their use in countries like the USA. As a substitute, another drug called hydroxychloroquine is being investigated. It differs from chloroquine by the presence of an additional hydroxyl group. It is assumed that this drug will be more effective than chloroquine for treating COVID-19, the prolonged use of which has been associated with a rise in rheumatic disorders. The current data regarding the activity of hydroxychloroquine against CoVs are still inadequate. However, in 2006, a comparison of the antiviral potential of these two drugs in cell lines was examined by Biot et al. \[[@CR91]\], who demonstrated that chloroquine had superior antiviral activity against SARS-CoV-1 compared to hydroxychloroquine. When these drugs were again studied for their activity against SARS-CoV-2 using a pharmacology-based pharmacokinetic (PBPK) model to examine their activity in respiratory organs, the findings were the opposite of the previous ones, with hydroxychloroquine being more effective than chloroquine against SARS-CoV-2 when the "ratio of the free lung trough concentration to the in vitro EC~50~" (RLTEC) values were compared \[[@CR65]\]. The reported efficacious dosage of chloroquine was more than 400 mg, and therefore, the dosage of hydroxychloroquine was set accordingly in another study \[[@CR61]\], which found two dosages that gave a significant effect, first being an oral dose of more than 1000 mg on the first day, followed by less than 500 mg on each of the following days. This dosage resulted in higher RLTEC values for hydroxychloroquine than chloroquine. The second dosage gave similar results, suggesting that a lower dosage of hydroxychloroquine was also effective \[[@CR65]\]. However, it is important to note that these drugs have equal half-lives, which would lead to protracted regimens of therapy \[[@CR92]\]. It is advised to wait for complete validation and more published data before the administration of the recommended dosage in patients infected with COVID-19. An example can be described to explain the point: If two equally capable compounds were taken and analyzed from the PBPK data for a dosage of hydroxychloroquine less than 1000 mg and varying regimens, RLTEC values would be produced that would be different on consecutive days, which would vary drastically from the dosage of chloroquine taken two times every day with RLTEC values. The majority of clinical trials have used the 400 mg dosage, but the evidence for this remains unclear \[[@CR65]\]. Gautret et al. \[[@CR93]\] reported the effect of oral administration of 200 mg of hydroxychloroquine after the passage of eight hours in patients infected with COVID-19. The study revealed the drug to be more effective in treating COVID-19 from the nasopharyngeal region. Notably, the use of the antibacterial drug azithromycin, which was given in patients to prevent bacterial infection in COVID-19 cases, resulted in a stronger reduction in the viral load than the use of hydroxychloroquine alone. This finding, although significant, is not sufficient, as various aspects still need be taken into consideration. Clinical data were not adequate, although the reduction in viral load was noteworthy. The study included 26 patients receiving hydroxychloroquine therapy, six of which were excluded from the study for various reasons. Lastly, the patients in the study had a much higher viral titer, as demonstrated by CT values, than other patients who had undergone combined therapy. Although these points indicate that caution is needed in the administration of both chloroquine and hydroxychloroquine, initial studies conducted in China have been hopeful in elucidating the encouraging that both of these drugs might be helpful against COVID-19. It is advised, however, to keep track of the latest study findings by examining works published in peer-reviewed journals until the lack of agreement between studies has been addressed \[[@CR94]\]. In the meantime, the administration of hydroxychloroquine needs to be approached with caution.

Lopinavir/ritonavir {#Sec14}
-------------------

Lopinavir is an HIV protease inhibitor that is administered in combined therapy with ritonavir, which is a potential CYP-3A4 inhibitor that enhances the effectiveness of the drug. The reported course of action of lopinavir is the inhibition of the protease enzyme of the virus, thereby blocking its replication \[[@CR95]\]. Chu et al. \[[@CR96]\] reported the action of various antiviral drugs against SARS-CoV-1 during its outbreak, and the administration of lopinavir and ribavirin was observed to block replication of the virus after just two days of therapy, indicating heightened efficacy when used in combination \[[@CR96]\]. The potent activity of lopinavir against SARS-CoV-1 was also reported by de Wilde et al. \[[@CR97]\] and was found to be related to the effective plasma concentrations that were examined previously in subjects who had contracted HIV \[[@CR98]\]. The potency of lopinavir in combination with ritonavir was compared to that of interferon beta (INF-β) against MERS virus in a study by Sheahan et al. \[[@CR80]\], who showed that the administration of these two drugs failed to boost the action of INF-β against the virus, where the EC~50~ values showed the effect of the two drugs to be similar in the case of MERS-CoV and SARS-CoV-1. This study finding was significant, as remdesivir was thought to be the more potent antiviral drug in the same clinical study. Nonetheless, the drug cannot be discounted as being completely ineffective, as an in vivo study found ameliorated clinical and pathogenic symptoms in animals infected with MERS-CoV after combined therapy with lopinavir and ritonavir \[[@CR99]\]. At present, a controlled study of combined therapy with both drugs together with rINF-β for the treatment of SARS-CoV-2 patients is being conducted in order to rule out any inconsistency between their efficacy in animals and in in vitro studies \[[@CR100]\]. This combination was used in 2003 for the treatment of SARS-CoV-1, as mentioned above, in a study by Chu et al. \[[@CR96]\], in which it was used with ribavirin and corticosteroid drugs. The subjects undergoing lopinavir/ritonavir therapy were compared with subjects receiving ribavirin along with corticosteroids, after which a considerable decrease in the "acute respiratory distress syndrome" (ARDS) and fatality rate was observed. This was further substantiated by another study on more than 70 lopinavir/ritonavir-treated patients who exhibited an overall lower fatality rate than patients who did not receive the two drugs as an initial treatment, which was significant, as advantageous effects of lopinavir/ritonavir were only observed in those patients who received these drugs as an initial treatment \[[@CR101]\]. The considerable difference in the fatality rate after treatment against SARS-CoV-1 and MERS-CoV enabled the testing of lopinavir/ritonavir against SARS-CoV-2 in new clinical trials conducted by scientists in China. Generally, a 400 (and 100)-mg dosage is taken orally twice each day for a maximum of ten days by adults \[[@CR102]\]. So far, there are ten clinical trials underway to determine the efficacy of conventional Chinese medicinal therapy and lopinavir/ritonavir, as a singular therapy. Their effect in combination with other antiviral drugs against SARS-CoV-2 is being tested, but the data from this new research are only now coming to light. The administration of lopinavir/ritonavir in positively diagnosed COVID-19 patients in a clinical study resulted in a decrease in auxiliary oxygen in one patient, while the condition of two others worsened. Four out of five patients exhibited severe adverse effects, impeding the execution of the therapy regimen. Other studies have described improvement in the clinical condition of infected patients and an overall reduction in the viral titer after lopinavir/ritonavir treatment. However, the efficacy of this drug therapy remains unclear because of discordant results among studies, variation in the degree of severity of disease in the subjects, and the absence of any standard of treatment \[[@CR103]--[@CR106]\]. Furthermore, the administration of lopinavir/ritonavir along with other antiviral drugs was reported during the early outbreak in Wuhan, but the data and study have not been adequately described with respect to treatment, dosage, and characteristics of the treatment group \[[@CR107]--[@CR109]\]. A recent clinical trial was conducted in which lopinavir/ritonavir combination therapy was compared to twice-a-day and standardized treatment of pneumonia in COVID-19 patients \[[@CR47]\]. The initial outcome evaluated was the time until improvement was observed after administration of the therapy. Later, treatment success was evaluated based on fatality rates, time until discharge from the hospital, viral load, and the amount of virus in pharyngeal swabs. The groups did not differ in their time from the initial symptoms to their randomization, and no significant difference was reported for symptom improvement or fatality rate between the two groups. Furthermore, no significant difference was found with respect to the decrease in the viral load. The current data on lopinavir/ritonavir provide little information suggesting their potential for their use in single or combination therapy. The findings that these drugs were effective against SARS-CoV-1 provides some hope, but it should be considered that their activity compared to remdesivir and chloroquine in the case of SARS-CoV-1 was below average, and their inadequate activity in animal models for the treatment of MERS-CoV infection is also not encouraging. It is also noteworthy that, in a randomized trial conducted recently, the time from the start of infection to the commencement of the drug regimen was 13 days in the case of SARS-CoV-2, whereas early treatment proved to be beneficial in the case of SARS-CoV-1. The therapy should include the provision of oral tablets or intravenous solution, which may or may not be given on an empty stomach and should not be administered to patients without screening them for any aggravating symptoms and observing them closely, as some cases do not fulfill the inclusion criteria for COVID-19 clinical trials \[[@CR110]\].

Nitazoxanide {#Sec15}
------------

This drug has been investigated for its potency against SARS-CoV-2 in vitro, with acceptable EC~50~ values \[[@CR78]\]. These values are consistent with the values for the drug and its metabolite, known as tizoxanide, obtained in a study with MERS-CoV \[[@CR111]\]. Nitazoxanide is a broad-spectrum drug that is reported to be active against various commonly known viruses as well as CoVs due to its antiviral activity, which is assumed to be due to the disruption of the host-mediated pathways that the virus uses for its replication \[[@CR111]\]. It is under evaluation for its potency against respiratory viruses. In one study, oral administration (\< 500 mg) of this drug led to an improvement in clinical features in approximately 24 h in patients with influenza \[[@CR112]\]. This outcome led to investigation in three more phase III clinical trials, which have now been completed, but the study findings are not yet available at this time. However, nitazoxanide treatment did not lead to a decrease in the duration of patients' stay in the hospital or their symptoms in phase II clinical trials \[[@CR113]\]. While the use of nitazoxanide against COVID-19 might prove to be efficacious, data from clinical trials are still needed.

Adjunctive pharmacological treatments {#Sec16}
-------------------------------------

### Tocilizumab {#Sec17}

Tocilizumab is a monoclonal antibody that has an inhibitory effect on IL-6, which is released by human macrophages and monocytes during cytokine-release syndrome (CRS). Since its approval by the FDA in 2010, tocilizumab has been used as a therapeutic agent in patients with rheumatoid arthritis as a corticosteroid-sparing agent in chimeric antigen receptor T-cell (CAR T therapy) \[[@CR114]\]. After seven years, it was approved by the FDA in 2017 to be used as a lifesaving drug for CAR-T-associated CRS. The dose of tocilizumab for CRS depends on its severity \[[@CR115]\]. The administration of tocilizumab in arteritis or arthritis patients results in neutropenia or thrombocytopenia, which makes patients more prone to secondary bacterial infections due to release of IL-6. In a case study, adult patients with refractory acute B-cell lymphoblastic leukemia and with grade 3 or higher CRS were found to suffer from secondary bacterial infections. In those patients, it was hard to identify the triggering factor (tocilizumab or corticosteroid) for these bacterial infections \[[@CR116]\]. However, no side effects of tocilizumab were reported to the FDA regarding CRS treatment \[[@CR117]\]. During the recent pandemic in China, a common observation was that in COVID-19 patients, elevated levels of IL-6 resulted in a cytokine storm, which was often fatal \[[@CR109]\]. A beneficial effect of tocilizumab was observed in 21 patients. Treatment with tocilizumab resulted in a lowering of C-reactive protein, fever, oxygen demand, and lung opacity in tomographic images \[[@CR118]\]. Before administering tocilizumab, the patients were treated routinely with methylprednisolone, lopinavir, and standard care. Their IL-6 level was 132.38 ± 278.54 pg/mL (normal, \< 7 pg/mL). Although the patients were not accessed for a long period, no side effects were reported during this short period (3--7 days). Tocilizumab as a therapeutic for patients with COVID-19, especially those with increased IL-6 levels, has become a part of the 7th edition of the National Health Commission of the People's Republic of China COVID-19 Diagnosis and Treatment Guide \[[@CR102]\]. The National Health Commission has recommended a standard dose of 400 mg IV once, or 4--8 mg/kg. There is an option to repeat a dose in 12 h (not to exceed a total dose of 800 mg). Chinese scientists are working on two trials regarding its side effects, but no trials are currently being done in the United States. In the future, there will be more information about tocilizumab. Its administration, time of dose, IL-6 threshold, etc., are all under study. Moreover, the long-term assessment of the patients being treated with tocilizumab will help in establishing its potential role in combating COVID-19.

### Corticosteroids {#Sec18}

The role of corticosteroids in the management of COVID-19 is of great interest, as there is a need to study their role in secondary infections and other adverse side effects. They have been administered in cases of MERS-CoV- and SARS-CoV-1-related pneumonia as a supplementary therapy, but their exact role is difficult to interpret. Patients who received corticosteroids developed a high fever and required more intensive care. The timing of corticosteroid dosage is directly proportional to the duration of disease. The use of corticosteroids immediately enhances fever and leads to a risk of secondary infections by bacteria, and thus poor outcomes, and for this reason such patients need extra care during their intensive care period. The stage of the disease must be kept in mind when choosing a dosage that will result in a swift response while avoiding side effects. Previously, during the SARS-CoV-1 endemic, corticosteroids were given to the patients. The heterogeneity of observations reported, from no effect \[[@CR119]\], to a reduction in the death rate \[[@CR119], [@CR120]\], to severe side effects and death \[[@CR121]\] of ICU-admitted patients \[[@CR122]\], prevents clear conclusions from being drawn. On the other hand, in the case of MERS-CoV, the use of corticosteroids resulted in a reduction in mortality \[[@CR123]\]. They were given to patients after antiviral drugs had lowered the titer of virus in their bodies. Similar observations were made in patients suffering from SARS-CoV-2 and ARDS \[[@CR124]\]. The exact role of corticosteroids is unclear, confusing and inconsistent. They might have a positive impact, but this is still uncertain \[[@CR125]\]. A dosage is recommended in the COVID-19 Diagnosis and Treatment Guide from the National Health Commission of the People's Republic of China, where the authors state, "Based on respiratory distress and chest imaging, may consider glucocorticoid that is equivalent to methylprednisolone 1--2 mg/kg/day for 3--5 days or less. Note that large-dose glucocorticoid suppresses the immune system and could delay clearance of SARS-CoV-2." \[[@CR102]\]. A recent consensus statement from the Chinese Thoracic Society recommends a lower dose, ≤ 0.5--1 mg/kg per day methylprednisolone for ≤ 7 days in select patients, after careful consideration of risks and benefits \[[@CR125]\].

Pharmacological treatments in which risks outweigh benefits {#Sec19}
-----------------------------------------------------------

### Ribavirin with or without interferon {#Sec20}

Ribavirin was approved in the 1980s for viral hemorrhagic fever, respiratory syncytial virus infection, and hepatitis C, together with interferon. It is a guanosine analogue known for interfering with transcription by inhibiting the synthesis of RNA. The combination of ribavirin with corticosteroids and/or interferon against SARS-CoV-1 did not show promising results \[[@CR126], [@CR127]\]. Its dose is decided based on the health status of the patient \[[@CR128]\]. It was found to be 100 times less effective than remdesivir against SARS-CoV-2 \[[@CR78]\]. It is not considered by WHO to be a potential therapeutic agent against SARS-CoV-2. The innate antiviral response is triggered by interferon (α, β) and was investigated in SARS-CoV-2 and MERS-CoV infections. When interferon was used in combination with ribavirin, the mortality rate was not improved. Furthermore, the following side effects were observed: neuropsychiatric events, fatal ischemia, hepatotoxicity and cytopenia \[[@CR129]\]. Despite these observations, the Chinese guidelines recommend ribavirin 500 mg IV 2--3 times daily in combination with LPV/r or inhaled interferon-α (5 million units nebulized twice daily) as one of the "standard treatment" options for COVID-19. Due to limited data and a lack of experimental trials, it is not safe to use ribavirin at the moment for the treatment of COVID-19.

### Oseltamivir and baloxavir {#Sec21}

Oseltamivir and baloxavir are both used as anti-influenza agents. Currently, oseltamivir is under investigation for COVID-19 treatment. In Wuhan, it was administered to COVID-19 patients in combination with antibiotics. At that time, the causative agent of the disease was not known, and an attempt was made to treat it as though it were influenza. As stated previously \[[@CR128]\], oseltamivir was ineffective against SARS-CoV because coronaviruses do not have neuraminidase and are therefore not affected by neuraminidase inhibitors. The same is true for other neuraminidase inhibitors such as zanamivir and peramivir. Currently, the available data also do not support the use of baloxavir against COVID-19. These drugs can be effective against influenza, but once the patient has recovered from influenza, their administration should be stopped.

### Agents under investigation for COVID-19 {#Sec22}

Table [1](#Tab1){ref-type="table"} shows various therapeutic agents that have been used against COVID-19. However, these are not recommended and should be avoided. Moreover, Fig. [3](#Fig3){ref-type="fig"} describes various therapeutic targets of different pharmacological agents against COVID-19 at various levels of infection and disease development.Table 1Pharmacological agents being investigated against COVID-19AgentPharmacological classMode of actionCountry where trials are registered against COVID-19AnakinraInterleukin-1 receptor antagonistSuppresses cytokine stormingNot registered yetUmifenovirAntiviral/used against influenzaInhibits fusionChinaBaricitinibTreats rheumatoid arthritisA Janus kinase family (JAK) enzyme inhibitorNot registered yetBevacizumabRecombinant humanized monoclonal antibody/used against cancerPrevents vascular endothelial growth factor associated with endothelial receptors Flt-1 and KDRChinaBrilacidinAntibioticA host defense peptide mimeticUSAConvalescent plasmaFrom patients who have recovered from viral infectionsVia production of antibodies against a disease agentNot registered yetDarunavir/cobicistatAnti-retroviralHIV-1 protease inhibitorNot registered yetDisulfiramThiuram derivativeBlocks alcohol oxidationNot registered yetEculizumabHumanized, monoclonal IgG antibodyBinds to complement protein C5 and prevents the formation of membrane attack complexUSAFavipiravirAntiviral/used against EbolaRNA-dependent RNA polymerase inhibitorUSAGalidesivir (BCX4430)Antiviral/used against EbolaNucleoside RNA polymerase inhibitorUSAGriffithsinAnti-HIV microbicidePotent HIV entry inhibitorNot registered yetNelfinavirAnti-retroviralAn HIV-1 protease inhibitorNot registered yetNiclosamideAnthelminthicNot registered yetREGN3048Human monoclonal antibodyBinds to S protein of MERS-CoVUSASarilumabHuman monoclonal antibody/ used against rheumatoid arthritisIL-6 receptor antagonistUSASofosbuvirAntiviralA nucleotide analog inhibitor of hepatitis C virusNot registered yetTZLS-501Human monoclonal antibodyAnti-IL6RNot registered yetXueBiJingAnti-pneumoniaTreats sepsisChinaFig. 3Therapeutic targets of various pharmacological agents against COVID-19 at various levels of infection and disease progression

Nitric oxide therapy against COVID-19 {#Sec23}
=====================================

Nitric oxide gas is a human-friendly gas due to the following features: (i) it improves the oxygen supply to bloodstream and thus blood flow in the lungs, (ii) it prevents clot formation, (iii) it destroys toxins, and (iv) it causes the relaxation of the right side of the heart, which is under direct pressure during cardiac arrest. It also has anti-COVID-19 features that were studied previously during the SARS epidemic in 2002--2003. Critically ill patients can be treated by giving them nitric oxide gas, which not only improves lung function but also helps in maintaining the patient\'s general health status \[[@CR130]\].

Convalescent therapies (plasma from recovered COVID-19 patients) {#Sec24}
================================================================

The COVID-19 pandemic has shaken up the world and has affected almost every living person on this planet. SARS-CoV-2 is a new virus for which no vaccines, antibodies, or drugs are currently available. Although many potential vaccines and drugs are being investigated at a feverish pace globally, no breakthrough has been achieved. The use of serum from recovered patients, collected after their convalescence period, is considered to be a possible choice for the treatment of infected patients.

Passive antibody therapy {#Sec25}
------------------------

Immunization is broadly divided into two types: active and passive. In active immunization, an immune response is induced that is gradual and is dependent on the individual for its potency. In passive immunization, immunity is achieved by providing the recipient with antibodies against a specific disease and is regarded as a safe means of providing immediate immunity against any disease in healthy humans. Unsurprisingly, its history dates back to the 19th century, when it was often the only method used to treat an infectious disease, before the advent of antibiotics in the 20th century \[[@CR131], [@CR132]\]. The presence of virus-inactivating antibodies in the serum of recovered patients has been observed in previous CoV outbreaks, suggesting that immune serum can be used for treatment of CoV infections \[[@CR133]\]. Similarly, passive antibody therapy would work against SARS-CoV-2 primarily by neutralizing the virus, but it might also contribute to phagocytosis and cytotoxic mechanisms. Not only may therapeutic antibodies be derived from recuperated patients, but monoclonal antibodies or genetically engineered antibodies can also be used \[[@CR134]\]. Currently, antibodies derived from recovered patients are the only option for this type of treatment (Fig. [4](#Fig4){ref-type="fig"}), with the numbers of donors increasing as the numbers of survivors increases gradually. Passive immunization in humans is generally associated more frequently with preventative healthcare than with the treatment of a specific disease, when it is used following the manifestation of initial signs and symptoms. It is likely to be most effective in the initial stages of infection when the viral load is lower, allowing neutralization by antibodies to occur efficiently \[[@CR135]\]. A different aspect of passive immunization is the ability of the antibodies to alter inflammatory responses, which again can be controlled more easily in the early stages of infection. Previously, passive antibody therapy against pneumococcal pneumonia was observed to be most efficacious when it was delivered immediately after the development of initial symptoms \[[@CR136], [@CR137]\]. Antibodies obtained through passive therapy tend to reach the affected tissues through blood, where they can shield them against subsequent pathogenesis. The period in which this immunity remains viable can vary from weeks to many months, and even years, and is highly dependent on the concentration and composition of the antibodies used.Fig. 4Use of convalescent sera to treat patients suffering from COVID-19. Blood is drawn from a patient who has recently recovered from COVID-19. This serum contains neutralizing antibodies that can be injected prophylactically to susceptible patients. It is expected that convalescent serum can be used therapeutically for treatment of COVID-19. Although its efficiency as a treatment is still unknown, it is known to prevent the occurrence of disease

Historical precedents {#Sec26}
---------------------

Serum antibodies have long been used in the treatment of many diseases caused by viruses, such as poliomyelitis \[[@CR138]\], measles \[[@CR139], [@CR140]\], mumps \[[@CR141]\], and influenza \[[@CR142]\]. A meta-analysis showed that the administration of serum from recovered patients to infected patients during the H1N1 influenza pandemic resulted in reduced mortality rates \[[@CR143]\]. Although the efficacy of this type of treatment was observed to be dependent on the viral pathogen, it has been employed in numerous viral outbreaks that claimed the lives of millions of people. Nevertheless, it is noteworthy that antibodies were studied and used at that time before any information was available about virus serotypes and clinical studies were approved. The use of serum antibodies has increased in the wake of recent viral outbreaks. They were employed in the treatment of patients during the H1N1 influenza pandemic, where they led to a decrease in the respiratory distress and fatality rates in critically ill patients \[[@CR144]\]. Convalescent serum was also experimented with during the Ebola pandemic in 2013. Its use reduced mortality in infected patients compared to those undergoing routine treatment, as observed in a study conducted in Africa during the Ebola outbreak \[[@CR145]\]. Furthermore, evidence from studies conducted during various viral outbreaks worldwide suggests that treatment with sera from convalescent patients can improve survival \[[@CR146]--[@CR149]\]. Although every virus is unique, the information gained from these studies is potentially applicable for combating the COVID-19 pandemic.

Experience with the use of convalescent sera against COVID-19 {#Sec27}
-------------------------------------------------------------

Two major epidemics in the last two decades have established CoVs as dangerous pathogens that can disease in humans. The SARS epidemic was subdued with strict management, but the second epidemic of MERS soon spread from the Middle Eastern countries, followed by a second wave of infection in South Korea. In both of these viral outbreaks, high mortality and contagion of disease were observed, which made the spread hard to curb. The lack of approved vaccines and antiviral drugs was also a problem at that time, and infected patients were treated using convalescent sera. This led to many types of research investigating their potential as an effective treatment option. A study conducted in Hong Kong investigated the effect of treatment with convalescent sera on in SARS patients. Upon administration, the individuals treated on day 14 after disease onset, as well as those who tested positive by PCR but were serologically negative for CoV demonstrated better recovery, which resulted in their subsequent discharge from the hospital in a couple of days, indicating the effectiveness of early treatment \[[@CR150]\]. Another study highlighted the decrease in the viral titer, thus enabling the survival of infected patients after they were given about 0.5 L of serum antibodies from convalesced patients \[[@CR151]\]. However, there are limitations to the use of convalescent serum, as some convalescent patients may not produce enough antibodies to inactivate the virus \[[@CR152], [@CR153]\]. This may be due to a decrease in the antibody titer with time or to the fact that not all recovered patients have an elevated titer of neutralizing antibodies in their serum \[[@CR134]\]. However, it is known that the production of non-neutralizing antibodies can also contribute to immunity to and recuperation from many viral diseases \[[@CR154]--[@CR156]\]. In the case of SARS-CoV-2, there were several published accounts of the use of convalescent serum therapy for the treatment of infected patients in China \[[@CR157]\], which shed light on its effectivity and safety for use against COVID-19. Still, more studies can add more weight to the research findings.

Risks and benefits {#Sec28}
------------------

Serum antibodies from recovered patients can be effective for treatment of COVID-19 patients, primarily because they offer protection to both already infected patients and those who are at risk of infection. In medical practice, this type of treatment is frequently employed as a precautionary measure. For treatment of HBV and rabies, immunoglobulins (HBIG and HRIG, respectively) are administered to infected individuals, and they are used for treatment of respiratory syncytial virus (RSV) disease in susceptible children. Previously, for both prevention and treatment, a polyclonal immunoglobulin was used that was obtained from donors, but this practice has been replaced by the use of palivizumab, a monoclonal antibody.

Passive antibody therapy using convalescent sera is a pioneering step towards combating several lethal diseases. Still, its potential for large-scale application cannot be evaluated without sufficient scientific evidence from randomized controlled trials. Judging from past studies and the recovery rates achieved using this therapy, it is more likely to be useful for prevention than for rigorous treatment of infection \[[@CR142]\]. A major risk of this therapy is the possibility of allergic or immune reactions to the serum. This risk can be minimized through appropriate blood screening practices in which donated blood is screened for infectious agents and reactions with the blood of serum recipients. Nonetheless, the administration of sera in patients with pulmonary disease carries the risk of transfusion-related acute lung injury (TRALI) \[[@CR158]\], which should be contemplated in the evaluation and analysis of the risks involved in passive antibody therapy. The other threat that can discourage the use of antibody therapy is antibody-dependent enhancement (ADE) of infection. An escalation of infection can occur due to various antibodies present in the serum, an occurrence that can take place in the case of many viral diseases. This threat is of particular concern in the case of CoVs, where antibodies against one type of CoV can intensify the resulting infection with another CoV. Still, the intensity of the threat can be estimated in the case of the new CoV, as was the case with MERS \[[@CR159]\]. The suggested administration of passive antibodies may work against the virus, as it would involve using high concentrations of neutralizing antibodies, minimizing the threat of ADE. This is supported by historical evidence, as well as by a recent study in which more than 200 patients were administered serum from recuperated COVID-19 patients, indicating its safety \[[@CR157], [@CR160]\], but the persistent threat of ADE must be addressed with adequate wariness in clinical trials to prevent any type of intensification of disease. The vulnerability of recovered patients to a secondary infection, enabled by the suppression of the host immune response when antibodies are given to the patients, is an additional theoretical risk of passive therapy. In the case of RSV, treatment with antibodies before administration of the vaccine resulted in the suppression of the humoral immune response \[[@CR161]\]. Although effective clinical studies can address this problem, it can also be overcome by vaccinating patients against SARS-CoV-2 later when a vaccine becomes available. Considering the high fatality rate of SARS-CoV-2 in elderly and susceptible patients, the advantages of using this therapy appear to be significantly greater than the risks. Nevertheless, it is imperative to evaluate and estimate all of the risks associated with its use, as was done with recent use of monoclonal antibodies in the treatment of Ebola \[[@CR85]\].

Deployment and proposed use {#Sec29}
---------------------------

For administering convalescent serum to COVID-19 patients, standard protocols should be followed. The convalescent serum can be administered if the following conditions are fulfilled: (i) the presence of a proper virology lab to deal with the virus, (ii) approval of the planned research proposal and its details by an institutional review committee, (iii) availability of serum from individuals who recently recovered from COVID-19 disease, (iv) proper serum donation facilities, (v) availability of serological and virological assays for the detection of SARS-CoV-2 in serum and quantification of neutralization activity, (vi) and standard protocols for assessment of any changes in immune response. Administering purified antibodies is preferable to using convalescent serum because of their efficiency and activity. This project is being worked on by a pharmaceutical company, Takeda \[[@CR162]\]. The only drawbacks are the amount of time it takes for their preparation and the pre-requisite for blood from recovered COVID-19 patients. The "standard operating procedures" (SOPs) should be defined and followed strictly. It is assumed that the patients who have recuperated successfully from SARS-CoV-2 infection can be safely requested to donate their blood to obtain antibodies. However, these patients must be declared negative for the virus, which can be tested through appropriate screening measures, and the donated blood should also be critically screened for any infectious agents and blood type. It is also imperative to screen every serum sample to determine its antibody titer. Currently, the neutralization titer and required dosage of antibodies are unknown, and this should be a fundamental part of clinical studies focusing on the evaluation of this therapy for treatment of COVID-19. Previous studies have reported the amount of convalescent sera used against measles to be in the range of 0--50 cc. In contrast, in the case of severe influenza, several hundred milliliters of sera have been used and found to be effective \[[@CR163]\]. However, there was no previous backing data on the effective concentration of neutralizing antibodies, indicating that even minute concentrations can aid in the prevention or subsequent treatment of infection. Therefore, prophylaxis against of infection by providing small doses might be efficacious, whereas larger doses may be needed to treat disease, as the viral load at the onset of the disease is much lower than during the peak of the disease. The serum of recuperated patients of COVID-19 can be employed in the treatment of patients displaying onset of disease \[[@CR164], [@CR165]\]. Many healthcare staff and paramedics who have been exposed to the virus by treating infected patients have been advised to quarantine or self-isolate, which greatly increases the disease burden on the remaining health care officials. This burden might be lessened by the passive administration of antibodies, which might reduce the length of quarantine and allow medical staff to continue to perform their duties. This can also be extended to the members of the family tending to an infected patient, which can prevent cross-infection and the spread of disease. However, the distribution of convalescent sera, even at a regional level, requires close cooperation between officials at the administrative and medical level, who can safely orchestrate the production and use of this therapy against the COVID-19 pandemic.

Mesenchymal stem cell technology {#Sec30}
================================

Clinicians are aiming to save the lives of COVID-19 patients by controlling the rate of infection and death \[[@CR166]\]. Generally, it has been observed that antiviral drugs, even antibiotics, are being recommended, but another aspect is not taken seriously, i.e., the pathogenesis of SARS-CoV-2. Infection causes cytokines (IL-2, IL-6, IL-7, GSCF, IP10, MCP1, MIP1A and TNFα) to be released, which disturb the exchange of gases in the lungs, leading to acute respiratory distress, cardiac arrest, and secondary infections. According to a recent study, patients shed the virus for 37 days \[[@CR109]\]. In hospital patients, age is a major factor in mortality. IL-6 is also another important factor. According to WHO, the fatality rate of COVID-19 is higher than that of influenza (0.1%), i.e., 0.3% to 1%. The data show that in a given country, 80% of infected individuals are asymptomatic, 14% are severely ill, and 6% are in critical condition.

Mesenchymal stem cells {#Sec31}
----------------------

Chinese researchers have observed that stem cell treatment can reverse the symptoms in critically ill patients \[[@CR167], [@CR168]\]. They concluded that natural mechanisms could be used to treat acute inflammatory pneumonia. For example, in one case, liver fibrosis was treated well with "human umbilical cord mesenchymal stem cells" (hUCMSCs), and the ventilator was removed within four days of the treatment. Not only was the patient feeling well but also the hematology report returned to normal after being in an elevated state. Another study \[[@CR168]\] was conducted on seven patients who were treated with "mesenchymal stem cells" (MSCs). They returned to normal life within a week. MSC treatment decreased the level of inflammatory cytokines while increasing IL-10. The clinicians studied the behavior of MSC during the treatment of COVID-19 disease. The portal of entry of SARS-CoV-2 is via ACE2 receptors of human cells (alveolar and capillary endothelium), but. MSCs lack ACE2. Thus, the virus cannot bind to them. MSCs have anti-inflammatory and immunomodulatory properties, producing TGFβ, HGF, LIF, VEGF, EGF, BDNF and NGF. Thus the use of MSCs has a promising future in the treatment of COVID-19.

Synthetic stem cells -- "LIFNano" {#Sec32}
---------------------------------

In the case of pneumonia caused by viruses, "leukemia inhibitory factor" (LIF), is a factor that is released by mesenchymal stem cells, protects against damage caused by cytokine production (Fig. [5](#Fig5){ref-type="fig"}) \[[@CR169], [@CR170]\]. However, the cost of this therapy is high. This can be overcome using nanotechnology, using synthetic stem cells known as "LIFNano", which have a thousand-fold higher efficacy than cell-based LIF \[[@CR171]\]. Using a treatment model for "multiple sclerosis" (MS), LIFNano was effective in "experimental autoimmune encephalomyelitis" (EAE) for treating paralysis within 96 h (Fig. [6](#Fig6){ref-type="fig"}), which is consistent with the reported advantages of the use of mesenchymal stem cell therapy against COVID-19. Earlier studies have shed light on the use of neural stem cells in EAE, demonstrating that the beneficial effects of the treatment were due to the LIF produced by neural stem cells. Emergent substitute therapies like LIFNano illustrate the promise of using concentrated and safe therapeutic agents that can repair damaged tissues and inhibit the cytokine problem in the case of pneumonia. These treatments can be tested using low-volume trials in which the drug is administered either by inhalation or intravenously.Fig. 5The effect of LIF on responses against the pathogenesis of infection (adapted from Quinton et al. \[[@CR170]\]). Earlier studies highlighted the importance of LIF in the activation of STAT3 and the role of LIF in treatment \[[@CR173]\] or its over-regulation \[[@CR174]\], which can lead to the inhibition of pulmonary inflammation. This experiment demonstrates the protective role of LIF in the case of lung trauma. Lungs were acquired from experimental mice one day after the introduction of *E. coli* in the presence of anti-LIF or control IgG. (A) Images of newly isolated lungs with stained lung parts. Red circles indicate infection in the lobes of lungs. (B) Ratios of wet:dry lungs demonstrating the effect of anti-LIF treatment (shown as the mean ± SEM. \*, *p* \< 0.05). In the presence of anti-LIF treatment, LIF was not detected, whereas the levels of the remaining cytokines were not significantly changed by this treatment. LIFNanoRx contains nanoparticles of LIF with one-thousand-fold the strength of soluble LIF, and the LIF released slowly over a period of days. LIFNano® is a second-generation LIF for the protection of lungsFig. 6LIFNano therapy swiftly reverses paralysis in the EAE model (adapted from reference \[[@CR175]\]). Mice were immunized against myelin protein, which led to paralysis of the legs and tail region on the fourteenth day of therapy. Hooke's model was used to follow a standardized approach for the experiment. After fifteen days, untreated mice demonstrated persistent paralysis, whereas treated mice demonstrated paralysis for fifteen days after they were treated for 96 h with LIFNano NPs, which resulted in rapid recovery from paralysis and restoration of mobility with reproducible results (study findings part of a project (I-UK BMC) entitled "Cell-free regenerative medicine: Nano-Engineered "LIFNano" to treat Multiple Sclerosis" Project number: 102847). Fast recovery of motor function is associated with the kinetics of myelin restoration. LIFNano-CD4 penetrates the blood--brain barrier. In this study, mice retained their immune competence

Conclusions {#Sec33}
===========

COVID-19 management strategies are being worked on globally. Although there are many candidates for anti-COVID-19 therapy, the situation is changing daily. The anti-COVID-19 agent chosen, its dose, and the timing of its application are among the many questions that need to be addressed. The authors are of the opinion that high-risk populations should be given therapy as early as possible once it is declared effective and safe. The dose should be adjusted according to the health status of the patient and the progression of the disease. Research scientists and clinicians should keep an eye on new observations published in the literature. Care should be taken when reviewing the literature, as much of the information is not peer-reviewed, self-published, or even unpublished. Scientists and clinicians can play an important role in the management of the COVID-19 pandemic as well as modification and optimization of treatment recommendations.

COVID-19 has a low fatality rate, and deaths can be prevented by applying prophylactic measures in the absence of typical treatment. Strict implementation of control regimes is essential to prevent the spread of infection. Medical staff and healthcare personnel should check the travel history of infected patients, along with potential sources of exposure and evident symptoms. Paramedics fighting on the front line against COVID-19 should implement effective and thorough protection initiatives for people vulnerable to viral infection.

Although extensive research is being conducted to develop a suitable vaccine against COVID-19, there is a dire need to shift a major part of the ongoing research towards the treatment of pneumonia in patients, which is often fatal. The astounding data regarding mesenchymal stem cells offers a hopeful approach to the use of an endogenous pathway for the treatment of disease. In the case of pneumonia caused by COVID-19, the balance between the antiviral response and the regulation of LIF action against a cytokine storm may be lost, which can reduce the overall beneficial effect of therapy. Nevertheless, the study findings indicating the safe and effective use of mesenchymal stem cell therapy in treating COVID-19 are indeed remarkable and present a modern approach to the efficient and safe treatment of critically ill patients. For its widespread application, "stem cell" companies are working hand in hand \[[@CR172]\], and LIFNano is also on the verge of "current good manufacturing practice" (cGMP) production on a large scale \[[@CR171]\].
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